Epidemiologic studies have linked gestational vitamin D deficiency to respiratory diseases, although mechanisms have not been defined. We hypothesized that antenatal vitamin D deficiency would impair airway development and alveolarization in a mouse model. We studied the effect of antenatal vitamin D deficiency by inducing it in pregnant mice and then compared lung development and function in their offspring to littermate controls. Postnatal vitamin D deficiency and sufficiency models from each group were also studied. We developed a novel tracheal ultrasound imaging technique to measure tracheal diameter in vivo. Histological analysis estimated tracheal cartilage total area and thickness. We found that vitamin D-deficient pups had reduced tracheal diameter with decreased tracheal cartilage minimal width. Vitamin D deficiency increased airway resistance and reduced lung compliance, and led to alveolar simplification. Postnatal vitamin D supplementation improved lung function and radial alveolar count, a parameter of alveolar development, but did not correct tracheal narrowing. We conclude that antenatal vitamin D deficiency impairs airway and alveolar development and limits lung function. Reduced tracheal diameter, cartilage irregularity, and alveolar simplification in vitamin D-deficient mice may contribute to increased airways resistance and diminished lung compliance. Vitamin D supplementation after birth improved lung function and, potentially, alveolar simplification, but did not improve defective tracheal structure. This mouse model offers insight into the mechanisms of vitamin D deficiency-associated lung disease and provides an in vivo model for investigating preclinical preventive and therapeutic strategies. 
Clinical Relevance
This murine investigation details structural and physiologic aberrances resulting from prenatal and postnatal vitamin D deficiency. In addition to modeling consequences on lung development, our findings emphasize differential benefit of prenatal versus postnatal vitamin D supplementation. These data provide mechanistic insight into clinical consequences of vitamin D deficiency-induced lung disease and the utility of a mouse model to test preventive and therapeutic interventions.
Vitamin D deficiency is common during pregnancy. Among African Americans, the prevalence of vitamin D deficiency is estimated to be more than 40% (1) . Similarly, 45.6% of African American neonates are vitamin D insufficient at birth (2) . Vitamin D deficiency during pregnancy is associated with low birth weight and reduced fetal bone mineral content (3) , with an increased risk of preterm labor, preterm birth, and infections (2) . Prenatal vitamin D deficiency is also associated with increased wheezing during the first years of life (4) , increased risk of lower respiratory tract infections (5) , asthma severity (6), reduced lung function, and chronic use of inhaled steroids (7) . A recent prospective study of patients with asthma found that increased vitamin D concentrations were associated with better forced expiratory volume in 1 second and forced vital capacity measures (8, 9) .
Vitamin D is essential to normal development and the structure of bone and cartilage. Deficiency in vitamin D leads to hypertrophy and softening of the growth plate. As trachea and bronchi share similar cartilaginous structure, vitamin D deficiency during airway development may have deleterious effects on the supportive structures of these airways. Tracheomalacia and bronchomalacia are common diseases of infancy, due to defective airway cartilage. In children undergoing bronchoscopy for respiratory distress or chronic wet cough, lower airway malacia is present in approximately 30% of patients (10) . This increases to approximately 50% in premature infants (11) , and in almost all infants who require chronic mechanical ventilation (12) . The specific cause for airway malacia remains undefined, and few preventive or therapeutic options are available for the clinician. In severe cases, surgical approaches aimed at improving the caliber of the airway are the only available interventions, and carry substantial morbidity (13) . No studies have quantified the effect of vitamin D deficiency on the development of airway malacia.
Human data demonstrate an association between vitamin D deficiency and increased respiratory symptoms without an obvious mechanistic explanation. Animal studies indicate that vitamin D deficiency alters pulmonary immune mechanisms (14) , decreases surfactant production (15) , accelerates airway smooth muscle proliferation (16) , and impedes epithelialmesenchymal interactions during lung development (17) . Vitamin D deficiency regulates chondrocyte function through increased vitamin D receptor (VDR) activity (18) (19) (20) . VDR has been identified in human airway epithelial cells (21) , but no previous studies have determined the effect of vitamin D deficiency on airway development and function.
In this study, we hypothesized that prenatal vitamin D deficiency impedes respiratory development. We investigated the effects of prenatal vitamin D deficiency on lung structure and function using tracheal ultrasound, airway casting, histopathology, and pulmonary function studies. We compared these findings with those of postnatal vitamin D deficiency and the response to postnatal vitamin D supplementation.
Materials and Methods

Institutional Approval
The protocols were approved by the Institutional Animal Care and Use Committee of University of Alabama at Birmingham (Birmingham, AL), and were consistent with the Public Health Service policy on humane care and use of laboratory animals and guidelines for the care and use of laboratory animals.
Animal Model
C57BL/6J littermate female mice were randomly assigned to vitamin D-deficient and -sufficient groups at the age of 3 weeks and mated at the age of 7 weeks. The vitamin D-deficient group was housed in ultraviolet (UV) light-free surroundings using UV-blocking films (F007-005NA; UV Process Supply, Inc., Chicago, IL) and received a vitamin D-depleted diet (Vitamin D-deficient diet, TD.89123; Harlan Laboratories, Inc., Madison, WI) as previously described (22) . The vitamin D-sufficient mice were exposed to normal light and their food was supplemented with 2,200 IU/kg vitamin D (Vitamin D Control Diet, TD.89124; Harlan Laboratories Inc.) with the same caloric content as the deficient diet. At weaning, we further divided the pups in each group into vitamin D-deficient and -sufficient subgroups, resulting in four subgroups with different combinations of prenatal and postnatal vitamin D status: prenatal deficiency/postnatal deficiency (Pre-Def/Post-Def), prenatal deficiency/ postnatal sufficiency (Pre-Def/Post-Suff), prenatal sufficiency/postnatal deficiency (Pre-Suff/Post-Def), and prenatal sufficiency/postnatal sufficiency (PreSuff/Post-Suff) ( Figure 1 ). "Switch" groups refers to offspring with different group assignments from their dams (e.g., PreSuff/Post-Def and Pre-Def/Post-Suff). The experiments were repeated three times on the original groups and twice on the switch groups using 8-25 animals in each subgroup.
In Vivo Tracheal Ultrasound
Ultrasound imaging was done at 4 and 8 weeks using a high-frequency ultrasound imaging instrument (Vevo-6600; VisualSonics, Toronto, ON, Canada Figure 1 . Schematic representation of the mouse groups. After weaning at the age of 3 weeks, female mice were randomized into the vitamin D-sufficient or -deficient groups and mated with vitamin D-sufficient males at the age of 7 weeks. The offspring were kept in the same environment as their dams until the age of 4 weeks when some of them were studied. The remaining pups were randomized into vitamin D-sufficient and -deficient subgroups and then studied at 8 weeks of age. The resultant four subgroups were as follows: prenatal deficiency/postnatal deficiency (Pre-Def/Post-Def); prenatal deficiency/postnatal sufficiency (Pre-Def/Post-Suff; switch group); prenatal sufficiency/postnatal deficiency (Pre-Suff/Post-Def; switch group); and prenatal sufficiency/postnatal sufficiency (Pre-Suff/Post-Suff).
over 10 s) to obtain optimal resolution of the tracheal image. Tracheal diameter in both axial and transverse views was assessed 1 mm proximal to the thoracic inlet, with measurement from mid-anterior to midposterior wall reported in millimeters ( Figure 2 ). The study was repeated two to three times on the different subgroups.
Airway Casting
Silicone casts of mouse airways were performed at 8 weeks using negativepressure chambers modified from previously published techniques used for larger animals (airway casting method is described in the online supplement) (23) . Tracheal casting at earlier time points was not technically feasible. Casting was repeated on two batches of animals.
Pulmonary Function Test
Lung function was measured with the flexiVent apparatus (Scireq, Montreal, PQ, Canada) at 4 and 8 weeks for the original groups and at 8 weeks for the switch groups (pulmonary function tests [PFTs] in the online supplement) (24) . PFTs were repeated three times on the original groups and twice on the switch subgroups.
Histological Studies
After isoflurane anesthesia, mice were killed and exsanguinated. The lungs were inflation fixed at 25 cm water pressure using 10% formalin for 30 minutes. Morphometric analysis of lung development was assessed at 8 weeks-to include the switch groupsusing standard mean linear intercept (MLI) and radial alveolar count (RAC) techniques (25) . Tracheal histology was performed at 7 days using neck block (detailed in the online supplement). Processing the isolated trachea at greater ages resulted in significant deformity that rendered measurements inaccurate. Mid-tracheal sections were analyzed using Bio-ImageXD software (Free Software Foundation, Inc., Boston, MA). The following dimensions of the tracheal cartilage were measured: total cartilage area (mm 2 ), and average, maximum, and minimum tracheal cartilage thickness (mm). The histologic study was repeated twice.
Statistical Analysis
Results are expressed as mean (6SEM). Data were analyzed using a t test for twogroup comparisons and ANOVA for multiple comparisons, with statistical significance defined as P less than 0.05. Regression analysis was used to evaluate the relationship between different variables.
Results
General Characteristics
The study was performed three times, with 8-25 pups studied in each subgroup over Sex distribution was the same in these groups.
Effect of Prenatal Vitamin D Deficiency on Pulmonary Structure and Development
Tracheal ultrasound. The anteroposterior tracheal diameter measurements using both sagittal and axial views on the same animals were moderately correlated (r = 0.61; P , 0.0001). Axial view measurements were used for our data analysis. Tracheal diameter measured by ultrasound was correlated to that measured by tracheobronchial cast (r = 0.75; P , 0.05). Tracheal diameter correlated with weight (r = 0.72; P , 0.0001) and was larger in the 8-week-old versus the 4-week-old mice (1. Figure 3A ). Multiple regression analysis indicated this difference was independent of animal weight (r = 20.56; P , 0.0001). Tracheal ultrasound was performed on 22 (Pre-Def/Post-Def) and 18 (Pre-Suff/Post-Suff) mice, including the 3 batches studied. was repeated three times to compare the two prenatal groups. 
Discussion
This study is the first to document that antenatal vitamin D deficiency impairs airway development in a mouse model. Affected pups showed narrowing of the trachea and thinning of the tracheal ring cartilage when compared with control pups born to vitamin D-sufficient dams. Gestational vitamin D deficiency also resulted in impaired pulmonary development with alveolar simplification. These changes manifested in abnormal lung function with increased airway resistance and decreased pulmonary compliance.
Comparison of prenatal to postnatal vitamin D deficiency groups emphasized the importance of normal vitamin D levels during gestation, and that postnatal supplementation cannot entirely reverse sequelae of in utero deficiency. Our mouse model is an attractive alternative to the VDR null construct, as the mechanism of impairment physiologically represents consequences of nutritional vitamin D deficiency rather than terminal receptor blockade. These studies indicate the importance of the timing of vitamin D deficiency (and repletion) to pulmonary functional and structural outcome. We developed a novel tracheal ultrasound technique that can be used to study airway structure in animal models with systemic or pulmonary diseases. To our knowledge, this is the first study of in vivo ultrasound to assess the mouse trachea. We used tracheobronchial casting to validate ultrasound measure, modifying techniques used in larger animals by increasing the dilution of silicone and prolonging the time of negative pressure application (see the online supplement). The airway cast was produced using a negative-pressure chamber that facilitated passive passage of silicone into the airways and avoided airway distension (26) . Current use of airway ultrasound is limited to a few indications, such as percutaneous tracheostomy (27) and confirmation of endotracheal position during intubation (28) . Our findings extend previous use of tracheal ultrasound in lambs to suggest a role for tracheal ultrasound in the evaluation of tracheomalacia in human newborns (29) .
Reduced minimal tracheal cartilage thickness without difference in maximal thickness may point to irregularity of tracheal cartilage deposition. Similar findings have been shown in cystic fibrosis animal models (30) . Cartilaginous thinning in vitamin D-deficient pups may be due to a reduction in vitamin D-induced deposition of proteoglycans by mature chondrocytes, as shown in cell culture data from rabbits (31) . Reduced cartilage thickness in vitamin D deficiency has been similarly observed in human femoral cartilage (32) . Thinner tracheal cartilage, therefore, may be a risk factor for tracheomalacia in the vitamin D-deficient mouse model. In humans, pliable tracheal cartilage is known to adversely affect flow dynamics during lower respiratory tract diseases (33, 34) .
Our data also indicate that gestational vitamin D deficiency induces alveolar simplification. These findings support previously published epidemiologic data that have linked vitamin D-responsive genes to early lung development and asthma phenotypes (35, 36) . Vitamin D3 at the cellular level functions as a growth factor for alveolar type II cells, which are important in promoting alveolarization during lung growth and development (37) . Diminished alveolar septation may result in increased work of breathing and energy expenditure and greater susceptibility to lower airway diseases in young children. The improvement of RAC with postnatal supplementation and the worsening with postnatal deficiency suggests a postnatal role for vitamin D. Our results imply the significance of preventing vitamin D deficiency during pregnancy to interrupt the impact of vitamin D deficiency on childhood respiratory disease.
The increased airway resistance in pups of vitamin D-deficient dams may be partially explained by reduced tracheal diameter, as measured with ultrasound. The improvement of airway resistance after postnatal vitamin D supplementation in the absence of significant change in tracheal diameter suggests the importance of airway dimensions distal to the trachea. Altered pulmonary compliance and elastance may be due to decreased alveolarization shown with lung morphometry, changes in tissue structures (especially elastin and collagen), or heterogeneity of regional airway resistance (38) .
An important finding of our study is the beneficial effect of postnatal vitamin D supplementation on lung function. Previous reports have indicated that vitamin D deficiency has deleterious effects on airway structure secondary to subepithelial collagen deposition, increased airway smooth muscle mass, and goblet cell hyperplasia (39) . These defects could be partially reversed with vitamin D supplementation (40) . Although vitamin D supplementation improved weight, this did not fully explain improvements in airway resistance. The positive effects of postnatal vitamin D supplementation on lung function in our model suggest possible benefit of vitamin D supplementation to mitigate the consequences of prenatal deficiency.
We acknowledge several limitations of this study, including a focus on anatomical and lung function measure without significant biochemical or mechanistic assays. The complexity and multiple endpoints of the study precluded simultaneous completion of the multiple arms of the experiment. We have detailed the experimental numbers and repetitions required for each endpoint to clarify the rigor of the experiment. Further repetition of the experiments may increase the accuracy of the study. However, the time and resources required to develop the model and do multiple studies on the different subgroups precluded repeating the studies more than two or three times. The emphasis of this study was to develop a mouse model of vitamin D deficiency that correlates with human disease. Future studies will further use this model to interrogate aberrant pathways and signaling. Our model investigates the effect of severe vitamin D deficiency on lung development compared with complete restoration. Dose-response studies, both of deficiency and repletion, will be useful complements to these data to delineate thresholds for disease and therapeutic intervention. Detailed evaluation of lung development at earlier time points will also be of interest. We evaluated tracheal structure at 7 days, but did not perform tracheal ultrasound and PFTs for technical reasons. Therefore, we used the 4-week-old time point to represent the prenatal effect of vitamin D deficiency. Postnatal development may have altered findings observed at 4 weeks. Further information is to be obtained from studying younger pups and fetuses that experience vitamin D deficiency. Improvement of lung function with vitamin D supplementation could not be explained fully by structural changes in trachea and alveoli. Therefore, we hypothesize that our findings point to abnormalities in small airway development that is distal to the trachea, but proximal to the alveoli. Lung function may be affected by functional dynamics of the airways (in addition to the structural changes), such as smooth muscle contractility, small airway malacia, and bronchial autonomic nervous system output. Finally, the potential confounding effect of vitamin D deficiency Postnatal deficiency alone (Pre-Suff/Post-Def) had no effect on compliance (P = 0.25). Results are expressed as mean (6SEM).
on weight is a significant consideration. We have attempted to control for this statistically, but prospective evaluation with weight-matched controls would confirm the independent action of vitamin D deficiency on tracheal rather than somatic growth.
In conclusion, prenatal vitamin D deficiency resulted in significant abnormalities in lung function and structure. Diminished tracheal diameter and tracheal cartilage thickness, and alveolar simplification, led to impaired respiratory function, as measured by increased airway resistance and decreased pulmonary compliance. These findings may explain the greater predisposition to and severity of lower airway diseases (such as bronchiolitis, asthma, and pneumonia) observed in human epidemiologic studies. Postnatal vitamin D supplementation improved lung function in our mouse model, but did not normalize tracheal abnormalities. Development of both the mouse model and measurement techniques described in this article will permit further mechanistic investigation of vitamin D-associated pulmonary disease and preclinical application of therapeutic interventions. n Author disclosures are available with the text of this article at www.atsjournals.org.
